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Abstract This paper studies red blood cell (RBC) partitioning and blood ﬂux redistribution in
microvascular bifurcation by immersed boundary and lattice Boltzmann method. The eﬀects of the
initial position of RBC at low Reynolds number regime on the RBC deformation, RBC partitioning,
blood ﬂux redistribution and pressure distribution are discussed in detail. It is shown that the blood
ﬂux in the daughter branches and the initial position of RBC are important for RBC partitioning.
RBC tends to enter the higher-ﬂux-rate branch if the initial position of RBC is near the center of
the mother vessel. The RBC may enter the lower-ﬂux-rate branch if it is located near the wall of
mother vessel on the lower-ﬂux-rate branch side. Moreover, the blood ﬂux is redistributed when an
RBC presents in the daughter branch. Such redistribution is caused by the pressure distribution
and reduces the superiority of RBC entering the same branch. The results obtained in the present
work may provide a physical insight into the understanding of RBC partitioning and blood ﬂux
redistribution in microvascular bifurcation. c© 2012 The Chinese Society of Theoretical and Applied
Mechanics. [doi:10.1063/2.1202401]
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Red blood cell (RBC) partitioning and blood ﬂux
redistribution in microvascular bifurcation are very im-
portant in the microvasculature.1 For example, the per-
formance of the microvascular bifurcation aﬀects the mi-
crovascular oxygen distribution, the eﬀective viscosity
of blood in microvessels, and the distribution of other
metabolites.2–4 Therefore, a more thorough understand-
ing of RBC partitioning and blood ﬂux redistribution
in microvascular bifurcation is desirable to aid under-
standing and quantiﬁcation of microvascular transport
in normal and disease states.
Extensive experiments1,2 and numerical simula-
tions4–8 have studied the RBC motion in microvascu-
lar bifurcation. For the capillary bifurcations of diam-
eters ranging from 5 to 15 μm, the upstream hemat-
ocrit distribution at a small diverging bifurcation plays
a signiﬁcant role on RBC partitioning.1 In the arterio-
lar bifurcations of diameters in the range of 10–30 μm,
the higher-ﬂow-rate branch generally receives a higher
hematocrit if the downstream branches are similar in
size.2 In addition, the RBC preferentially enters the
higher-ﬂux-rate branch, leading to unequal discharge
hematocrit in the downstream branches. For unequally-
sized daughter vessels, partitioning is asymmetric, with
RBCs tending to enter the smaller vessel.4 Though the
Reynolds number of the RBC moving in microvascu-
lar bifurcation is much less than one, the RBC model
can drift across background ﬂuid streamlines.5,6 Stud-
ies found that if two closed RBCs going through bifur-
cation, the ﬁrst RBC tends to enter the high-ﬂow-rate
branch, while the second tends to enter the other.7,8 Re-
a)Corresponding author. Email: fangbao.tian@vanderbilt.edu.
cently, the behaviors of RBC and liposome-encapsulated
hemoglobin in microvascular bifurcation were studied.9
It is found that the partial replacement of RBC by
liposome-encapsulated hemoglobin reduces the bias of
oxygen ﬂux and liposome-encapsulated hemoglobin re-
duces contribution in reducing the heterogeneity of oxy-
gen supply. Though signiﬁcant progresses have been
made in understanding of RBC behavior in microvascu-
lar bifurcation, RBC partitioning and blood ﬂux redis-
tribution in microvascular bifurcation are still not clear
and need to be further studied.
In the present work, an improved immersed bound-
ary method based on lattice Boltzmann method is em-
ployed to study RBC partitioning and blood ﬂux redis-
tribution in microvascular bifurcation. The deformation
of RBC, the ﬂow rate in the microvascular bifurcation
and the pressure distribution are studied in detail.
As shown in Fig. 1, we consider a microvessel with
bifurcation, which is symmetrical and composed of one
10 μm-diameter mother vessel and two 5 μm-diameter
daughter branches. A cylinder is taken as the ini-
tial conﬁguration of the RBC. The blood plasma and
the RBC cytoplasm are governed by the incompressible
Navier-Stokes equations
ρ(
∂u
∂t
+ u · ∇u) = ∇ · T + f , (1)
∇ · u = 0, (2)
where ρ is the density of the ﬂuid, u is the velocity,
p represents the pressure, f denotes the body force,
Tij = −pδij+μ(∂ui/∂xj+∂uj/∂xi) is the stress with μ
being the viscosity of the ﬂuid. For both blood plasma
and the RBC cytoplasm, the density is ρ = 1.00 g/cm3.
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Fig. 1. The sketch of the RBC in microvascular bifurcation.
The viscosities of the plasma and the RBC cytoplasm
are μp = 1.2 cp and μc = 6 cp, respectively.
The motion of the RBC is described by10–13
F (s, t) = Fs(s, t)− Fb(s, t), (3)
where s is the arc length along the membrane, Fs(s, t)
is the membrane extensional force caused by stretching
or compressing in the tangent direction and calculated
by Fs(s, t) = (∂/∂s) [T (s)∂X(s, t)/∂s] with T (s) =
Ks(|∂X(s, t)/∂s| − 1) and Ks the extensional rigidity.
The Fb(s, t) is the membrane bending force. Using
Euler-Bernoulli beam theory, we can describe the bend-
ing force as Fb(s, t) = (∂
2/∂s2)
[
Kb∂
2X(s, t)/∂s2
]
.
The F is the ﬂuid force on the RBC. The initial diame-
ter of the RBC is 6 μm. The non-dimensional stretching
coeﬃcient Ks and bending rigidity Kb are 0.6 and 0.2,
respectively.
In this study, the microvessel wall is rigid and the
velocity on the wall is zero. On the RBC membrane,
the velocity of the ﬂuid equals that of the membrane.
The ﬂow is driven by the pressure and thus, the pres-
sure on the inlet and outlets are prescribed. To pro-
duce asymmetrical blood ﬂow rate in the downstream
branches, the pressures on the two outlets are slightly
diﬀerent. The typical parameters described above are
chosen based on experimental visualizations and previ-
ously numerical simulations of typical RBC motion in
microvascular bifurcation.1,2,4,7,8,14–17
The ﬂuid-structure interaction is solved at low
Reynolds numbers using an improved immersed bound-
ary method coupled with a lattice Boltzmann method.
In the simulation, the computational domain is divided
into square grid of 215 lattices in the horizontal direc-
tion and 197 lattices in the vertical direction. The lat-
tice size is dx =dy = 1, which represents a physical
length of 0.2 μm. The pressures are 2 Pa, 0.6 Pa and
0 Pa on the inlet, outlet 1 and outlet 2, respectively.
In this study, we will focus on RBC partitioning and
blood ﬂux redistribution by changing the initial vertical
Fig. 2. RBC deformation and partitioning in microvessel
bifurcation: (a) dyi = 0μm, (b) dyi = 0.8 μm, and (c)
dyi = 1.6 μm.
position of the RBC. To do this, we deﬁne the verti-
cal coordinate diﬀerence between the central line of the
mother vessel and the center of the RBC as dyi = yi−y0,
where y0 and yi are the vertical coordinates of the cen-
tral line of the mother vessel and the center of the RBC,
respectively. In the present study, dyi = 0 μm, 0.8 μm
and 1.6 μm.
We ﬁrst discuss RBC deformation and partitioning.
The instantaneous snapshots of the RBC conﬁguration
are shown in Fig. 2. When the RBC is initially located
near the central line, as dyi = 0 μm, the conﬁguration
of the RBC in the mother vessel upstream of the bi-
furcation point is similar to bullet shape (see t = 7 ms
in Fig. 2(a)). When the surface of the RBC is close
to the vessel boundary, the shear ﬂow makes the RBC
tear-shaped, as shown in Figs. 2(b) and 2(c). The RBC
of dyi = 0 μm and 0.8 μm tends to enter the branch
of lower outlet pressure, which is revealed by Figs. 2(a)
and 2(b) and consistent with the previous studies.2,4
But if the RBC is close to the up wall of mother ves-
sel, as dyi = 1.6 μm, it will enter daughter branch 1,
of which the outlet pressure is higher. Therefore, the
initial position could aﬀect RBC deformation and par-
titioning. If an RBC is randomly located in the mother
vessel, it has more opportunity to enter the branch of
lower outlet pressure.
As discussed in the previous section, the initial posi-
tion of RBC and the blood ﬂux in the daughter branches
are very important in determining RBC partitioning.
To demonstrate the eﬀect of the blood ﬂux, here we dis-
cuss the relationship of the motion of RBC and blood
ﬂux redistribution at dyi = 0.8 μm.
The velocity proﬁles on the inlet, outlet 1 and out-
let 2 at three typical instants are shown in Fig. 3 which
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Fig. 3. Velocity proﬁles on the inlet, outlet 1 and outlet 2
at three typical instants: t = 0 ms (solid line), t = 21 ms
(dashed line) and t = 42 ms (dash-dotted line).
Fig. 4. Streamlines passing the bifurcation point and con-
ﬁgurations of RBC at three typical instants.
has several interesting implications. First, the blood
ﬂux of daughter branch 2 is initially higher than daugh-
ter branch 1. The higher blood ﬂux causes the fact that
RBC tends to enter daughter branch 2. Second, when
RBC gets close to the bifurcation point, as t = 21 ms,
the totally blood ﬂux is depressed by the block eﬀect
of RBC (also refer to Fig. 4 showing the streamlines
passing through the stagnation point and RBC conﬁg-
urations at three typical instants). Last, the blood ﬂux
of daughter branch 1 recovers when RBC enters daugh-
ter branch 2, as shown in Fig. 4 at t = 42 ms. But the
ﬂux of daughter branch 2 is still less than that without
RBC. It is noted from Fig. 4 that RBC drifts across
the background streamlines when moving downward in
the mother vessel, which is consistent with the previous
studies.5,6 The drift makes RBC below the streamline
pass the bifurcation point when it is near the bifurca-
tion point. If the initial position of RBC is very close
to the top wall of the mother vessel, as dyi = 1.6 μm,
RBC can not drift to the bottom side of the stream-
line passing the bifurcation point, and thus it will enter
daughter branch 1.
Pressure is an important quantity in blood circu-
lation system for determining the blood balance and
driving the motion of RBC. In vivo experiment, it is a
challenge to measure the pressure distribution in the mi-
crovessel, while in the numerical experiment, it is conve-
nient to present the pressure distribution. As a typical
case, the pressure distribution of dyi = 0.8 μm at three
instants are shown in Fig. 5. At t = 0 ms, RBC does
not have signiﬁcant eﬀect on the pressure distribution
due to the facts that the density of RBC is the same
as ambient blood and the shear ﬂow rate near RBC is
weak. It is noted from Figs. 5(a) and 5(b) that the gra-
dient of pressure in daughter branch 2 is larger than
daughter branch 1 and thus the blood ﬂux in daughter
branch 2 is higher, which straightforwardly considers
the ﬂuid dynamical theory.18 When RBC reaches the
bifurcation point (as shown in Fig. 5(c) at t = 21 ms),
the deformation of RBC is dramatic and the pressure
in RBC is higher than that of the ambient ﬂuid, which
is further demonstrated by Fig. 5(d). This type of lo-
cal elevation of pressure is a threat to human health.19
When RBC enters the daughter branch 2, as shown in
Fig. 5(e) at t = 42 ms, there are several interesting ob-
servations in the pressure distribution. First, the pre-
ssure gradients at two daughter branches are almost the
same at the upstream of RBC, leading to the approxi-
mately equal blood ﬂux in both daughter branches, as
shown in Fig. 3. Second, the pressure jump across RBC
still exists but its intensity decreases. Last, the pressure
gradient increases in daughter branch 2 downstream of
RBC by the presence of RBC compared to t = 0 ms
(see Figs. 5(b) and 5(f)).
The RBC partitioning and blood ﬂux redistribution
in microvascular bifurcation are studied by immersed
boundary–lattice Boltzmann method. The RBC defor-
mation, RBC partitioning, blood ﬂux redistribution and
pressure distribution are discussed in detail by varying
the initial position of RBC. Our simulations show that
the blood ﬂux in the daughter branches and the ini-
tial position of RBC are important for RBC partition-
ing. Speciﬁcally, RBC tends to enter the higher-ﬂux-
rate branch, which is also the branch of lower outlet-
pressure. In addition, the blood ﬂux is redistributed
when an RBC presents in the daughter branch. Such
redistribution is caused by the pressure distribution
and reduces the superiority of RBC entering the same
branch.
In the future work, the three-dimensional eﬀect,
multiple RBCs and interaction between RBCs will be
considered. Furthermore, the oxygen and other sub-
stance dissolved in the blood also can be incorporated.
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Fig. 5. Pressure distribution at three instants: (a), (c) and (e) are the pressure ﬁeld in the vessel; (b), (d) and (f) are the
pressure distributions along the centerline of the vessel. In (b), (d) and (f), the solid line is the mother vessel–daughter
branch 1, the dashed line is the mother vessel–daughter branch 2, and xc is the horizontal coordinate along the centerline.
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